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Whereas spintronics brings the spin degree of freedom to electronic devices, 
molecular/organic electronics adds the opportunity to play with the chemical 
versatility.  Here we show how, as a contender to commonly used inorganic 
materials, organic/molecular based spintronics devices can exhibit very large 
magnetoresistance and lead to tailored spin polarizations. We report on giant 
tunnel magnetoresistance of up to 300% in a (La,Sr)MnO3/Alq3/Co nanometer size 
magnetic tunnel junction. Moreover, we propose a spin dependent transport model 
giving a new understanding of spin injection into organic materials/molecules. Our 
findings bring a new insight on how one could tune spin injection by molecular 
engineering and paves the way to chemical tailoring of the properties of 
spintronics devices. 
2Molecular spintronics, by combining the potential of spintronics1 and molecular/organic 
electronics 2, is now considered as a promising alternative to conventional spintronics 
with inorganic materials3. Besides chemical flexibility and low production costs, the 
opportunity that spin relaxation times could be enhanced by several orders of magnitude 
compared to inorganic materials arouse a strong interest for organic semiconductors 
(OSC)4. Weak spin-orbit coupling associated to light element compounds and electronic 
transport via  delocalized orbitals would be involved in explaining this spectacular 
gain of spin lifetime. The pioneer spin-valve effects were observed by V. Dediu et al. 5. 
for sexithiophene. Since then, most of the studies have been focused on Alq3 (tris[8-
hydroxyquinoline]aluminum)6-13 motivated by the achievement of sizeable inverse spin 
valve effect by Z.H. Xiong et al.6. However, the mechanisms underlying the spin 
injection into the OSCs are still to be unravelled and remain one of the main challenge 
of this new uprising field14. Here, we report on giant tunnel  magnetoresistance (MR) up 
to 300% in (La,Sr)MnO3/Alq3 ~ 2nm/Co nanojunctions. We further develop a spin 
dependent transport model giving an understanding of spin injection into organic 
materials/molecules and opening new opportunities for chemically tailored spintronics 
devices. Ultimately, thanks to molecular engineering, the physical properties of 
spintronics devices could be expected to be tailored through playing with the anchoring 
groups and the backbone of the molecules. 
 
The LSMO/Alq3/Co tunnel junctions are elaborated from LSMO/Alq3 (10-30nm) 
bilayers using a conductive tip AFM nanolithography (CT-AFM) process. The sample 
is nanofabricated in order to circumvent problems such as inhomogeneity and strong 
metal diffusion6 that would lead to inevitable short-circuits in wide area tunnel 
3junctions. The desired Alq3 tunnel barrier thickness left after the indentation is obtained 
by controlling the AFM tip penetration into the layer. The indentation process is 
triggered by the tunnel current between the tip and the sample. Finally, the nanoholes 
are filled with Co leading to a LSMO/Alq3/Co magnetic tunnel junction device (see Fig. 
1. and methods). 
As a preamble, in order to characterize the Alq3 thickness versus tip to sample 
resistance, we defined matrices of nanoindents in which sequences of resistances in the 
range of 105.5- 1011 were taken as threshold values to stop the process. The lower 
bound corresponds to the LSMO/tip contact resistance measured on a free standing 
surface of LSMO. A reference nanoindent realized at this threshold resistance value is 
presented in Fig. 2a. As an example, on the same figure, we show another nanoindent 
realized at 109.5  and leaving 4 nm of Alq3 tunnel barrier. Furthermore, the thickness 
of the remaining organic barrier is presented as a function of the preset resistance 
threshold in Fig. 2b. The linear increase of the resistance versus barrier thickness in 
logarithmic scale unravels the exponential character of the tunneling mechanism. Fitting 
the exponential increase with -dG e  (where d is the barrier thickness2) we find a 
value of  = 0.23 Å-1  which is in agreement with   0.3 Å-1 extracted from tunneling 
measurements in MTJs13. Nevertheless, this corresponds to a much slower decay for the 
electronic wave function in Alq3 MTJs compared to oligothiophene15 (  = 0.41 Å-1), 
alkanethiol SAMs2 (  0.8 ෥  1.08 Å-1) or inorganic MgO based16 (  0.7 Å-1) tunnel 
junctions. A simple picture of this small  can be given in terms of tunnel barrier height. 
It was shown that the dipole formation at the metal/organic interface shifts the organic 
level towards lower energies of 0.9 eV for LSMO/Alq3 17, resulting in an expected mean 
electron barrier height of 1.3 eV. Furthermore, for thin organic films in the nm range, a 
4significant reduction of the effective barrier height is expected due to the image 
potential contribution18. Indeed, the reduced dielectric constant () in Alq3 barriers (Alq3 
= 1.6 19) compared to conventional Al2O3 inorganic barriers (Al2O3 = 10) enhances the 
potential image effect by the ratio Al2O3/Alq3. This reduces the effective mean barrier 
height by at least several hundreds meV for thin layers. For example, according to ref. 
18 a reduction of 1 eV can be expected for a 2 eV and 2 nm thick tunnel barrier.  
In the following, we present the spin dependent transport measurements performed on 
the LSMO/Alq3 ~ 2nm/Co nanojunctions. The current-voltage curves (inset of Fig. 3) 
are clearly non-linear confirming a tunnel transport behaviour through the Alq3 organic 
barrier as expected from the resistance versus Alq3 thickness described in Fig. 2. The I-
V curves show some fine structures at 2 K that fade with increasing temperature. These 
structures could originate from phonons or magnons (especially at low bias voltage 
below 100 mV20), extrinsic (structural defects, atoms...) and/or intrinsic electronic states 
in the gap. Here, we can reasonably rule out Coulomb blockade through a single small 
metallic cluster as the origin of this low bias fine structure (below 100 mV). Indeed, 
taking into account the low dielectric constant of organic compounds such as Alq3, fine 
structure on a voltage scale lower than 100 mV would require metallic clusters with 
diameters larger than 7 nm 21. This is much larger than the organic barrier thickness of 
the sample. 
The variation of the resistance as a function of the in-plane magnetic field recorded at 
2K and -5 mV is shown in Fig. 3. The observed magnetoresistance reaches 300%. Clear 
and reproducible positive magnetoresistance effects have been obtained at low 
temperature and at different bias voltage (Fig. 4a). The lower coercive field is ascribed 
to the LSMO electrode (confirmed by SQUID measurements) and the higher to the Co 
5nanocontact. SQUID measurements performed on LSMO/Alq3 bilayers reveal also a 
low remanent magnetization (Mr/Ms  0.4). This low remanence induces a higher 
resistance at zero magnetic fields than at high magnetic field where the magnetization of 
LSMO is fully saturated. Concerning the MR origin, we have checked by angular 
dependence measurements that the measured effects were not due to tunneling 
anisotropic magnetoresistance. In the inset of Fig. 4b, we show the MR temperature 
dependence. The MR undergoes a sharp decrease in temperature with only 25% 
remaining at 120 K and below noise level at 180 K. The decrease of the MR with 
temperature cannot be ascribed only to the rapid loss of magnetization at the LSMO 
surface 22. It also indicates a loss of spin polarization during the tunnel transport. This is 
supported by the bias voltage dependence of the magnetoresistance (Fig. 4b) obtained 
from magnetoresistance measurements recorded at different bias voltage and from I-V 
curves both in parallel (PA) and antiparallel (AP) magnetic configurations. We observe 
a strong decrease of magnetoresistance at low voltage followed by a slower decrease at 
higher voltage. Note that the MR remains positive whatever the applied bias voltage. 
Again, the decrease of magnetoresistance is stronger than the one observed in LSMO 
based inorganic tunnel junctions22 explained by magnon excitations20. In our organic 
tunnel junctions the MR is reduced by a factor 2 at 25 mV (see Fig. 4b) and the 
magnetoresistance effect vanishes at 200 mV. We observe a correlated 
magnetoresistance and resistance decrease (not shown here) in temperature and voltage. 
In addition to magnons which are known to play an important role in MTJs, phonons 
are also expected to exert a key influence for organic barriers23. For instance, it has been 
demonstrated that phonons play a significant role in the coupling of certain molecules to 
a metallic surface24. 
6We first discuss on the amplitude of the magnetoresistance. Assuming that the spin 
polarization of the LSMO/Alq3 interface (PLSMO) is positive and fully polarized25, the 
spin polarization of the Co/Alq3 interface, obtained from the simple Jullière’s formula 
AP PA PA Co LSMO Co LSMOTMR=(R -R ) R = 2P P (1-P P ) , reaches at least + 60%. Note that this 
ideal situation for LSMO corresponds to a lower bound for the cobalt spin polarization. 
A lower LSMO spin polarization would lead to a higher Co spin polarization. The 
positive sign of PCo/Alq3 in our MTJs is in agreement with the results of T.S. Santos et 
al.13. They extract a positive sign for PCo/Alq3 (+ 27%) from Meservey-Tedrow 
measurements26 in Co/Alq3/Al tunnel junctions. Although we obtain the same sign, the 
magnitude is much higher in our junctions. This could be explained by pointing out that 
in contrast to commonly measured large area MTJs (micron size and above) we probe 
only local nanometer scale properties. This is of particular relevance for highly 
inhomogeneous layers such as organic thin films. The high spin polarization can also be 
linked to specific spin dependent hybridization of the orbitals at the metal/organic 
interface29. For example, chemical reaction and complex formation at the interface 
between the electrode and Alq3 were proposed by A.N. Caruso et al.30 as a possible 
mechanism to explain the shift of the band structure of Alq3 deposited on various non 
magnetic metallic electrodes.  
We now discuss on the sign of the magnetoresistance of LSMO/Alq3/Co trilayers. Since 
the pioneer result of Z.H. Xiong et al.6, inverse spin valve effect has been regularly 
observed in the case of mm large and thick7-10 Alq3 layers ( 130 - 250 nm31). It is 
commonly accepted to analyze such sign in the framework of the Jullière model leading 
to opposites spin polarizations for the interfaces. With LSMO (PLSMO > 0) thought of as 
a spin analyzer25, this naturally lead to PCo/Alq3 < 0. However, it was pointed out that 
7both positive and negative MR could be observed in thick LSMO/Alq3/Co devices as a 
function of applied voltage12. In addition, for the same LSMO/Alq3 bilayers, here we 
report a positive MR for locally probed thin tunnel barriers while a negative one has 
been observed for larger and thicker ones11. While one could relate those last 
discrepancies to materials fluctuations between studies, in the following we propose a 
description of a spin injection mechanism explaining the observed discrepancies. 
 
We now show how the formation of localized states in the first molecular layer at the 
electrode interface can change completely the MR of organic spin valves with respect to 
what is usually found in conventional inorganic ones. This can lead to an increase of the 
effective spin polarization of the electrodes or even change their sign. For this purpose 
we introduce a simple 1D model following Bardeen’s approach. For a system with 
transmission 'ifT
 depending on the initial i and final state f and spin directions , one 
can write the conductance at zero bias as:   
2 2' '
F if i F f F
(i,f)
2eG (E )= T (E -E )(E -E )
h   (1). 
Usually, in the case of direct tunneling, the transmission coefficient is kept constant and 
the conductance is rewritten as proportional to the spin dependent density of states 
(DOS) of the electrodes ( )N E . This leads to the original Jullière formula for the TMR 
with the spin polarization expressed as ( ) /( )P N N N N    	 
 . In a more realistic 
approach, the transmission coefficient is also affected by the specific bonding of 
different band states of the electrodes at the organic interface, which leads to a 
weighting of the DOS contribution. This gives rise to an ”effective” DOS entering the 
spin polarization.  
8Recalling that most of the OSCs such as Alq3 are closer to small molecules than 
conventional semiconductors, the first molecular layer is thought to have a key role for 
charge injection into such OSCs32. In the following we describe how the first molecular 
state may contribute to this effective spin dependent DOS. For a ferromagnetic metal, 
one could expect that a spin dependent broadening (spectral density 	) of those 
localized states arises from the coupling to the electrode. This gives for the left 
electrode (L) and spin orientation ( =
,): 
2 
L Di i F
i
	 (E)=2 V (E -E )  (2), 
where DiV
  is the coupling energy between the state i of the left electrode and the donor 
state D represented in Fig. 5a. A similar equation holds for the acceptor state at the right 
electrode. This spectral density can be seen as a weighted DOS for the transmission 
from the left electrode to the D state. For constant coupling, we obtain  DiV V and 
( ) ( )  E N E . Following the adapted concept of bridges developed in the scattering 
theory for molecular junctions33,34, the transmission of equation (1) can be expressed as: 
 '
' iD Af
if DA  ' '
D L A R
V VT = T
E +i 	 2 E +i 	 2 
 (3), 
where DE
   (resp. 'AE
  ) is the donor (resp. acceptor) energy difference with respect to 
the Fermi level. The tilde highlights that this energy difference includes the two main 
contributions introduced above: disorder in the interfacial dipole fields and images 
forces32, and a shift due to the real part of the self-energy induced by the coupling. TDA 
is the bulk transmission in the OSC between the donor and acceptor states as shown in 
Fig. 5a. This transmission factor is not the object of this study but could represent 
different transport conditions from superexchange to hopping.  
9Two limits can be described depending on whether    E  or     E .  The 
first case is likely to happen for strong metal/molecule coupling (large ) For example, 
broadening in the eV range35 have been predicted. The second case corresponds mainly 
to a weak interaction for which the spin dependent  is low enough to be neglected. It is 
to be expected that this interface related interaction will depend on the selected 
metal/molecule couple and its deposition condition.Accordingly, a metal deposited on a 
molecule surface or a molecule on a metal surface could lead to different couplings. As 
far as E is concerned, two effect will lead to its reduction: the metal/molecule coupling 
and the distribution of image forces and interfacial dipole fields. The latter one has been 
shown by Baldo and Forrest32 to have a leading role for charge injection into the organic 
as the tail of the distribution brings states close to the metal’s Fermi level. 
Below we illustrate these two limits. The conductance can be expressed from equations 
(2) and (3)  as: 
2
2'  '
F DA L F R F
2eG (E )= T (E ) (E )
h
   (4), 
where  F F(E )=1/	 (E )  in the    E limit (Fig. 5b) and 

 F
F 2
	 (E )(E )=
E


 in the 
   E limit. The striking point is that while the conductance is still proportional 
to the spectral density (as usually expressed for direct tunneling) in the weakest 
coupling regime it is now inversely proportional to the spectral density in the strongest 
coupling regime. This leads to a Jullière like formula with an effective spin polarization 
(P*) inverted for    E and levered for    E : 
 
* *
L R
* *
L R
2P PTMR=
1-P P
 (5), 
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with * 	 -	P =-
	 +	
 
 
 in the    E  limit (6)  
and * 	 E -	 EP =
	 E + 	 E
   
   
 
 
 in the    E  limit (7). 
As a consequence, one could use the metal/molecule coupling as a new way to tailor the 
properties of spintronics devices by adequately combining ferromagnetic metals to 
molecules and/or their anchoring groups. For intermediate couplings however, the local 
effect of image forces and dipole field disorder reducing the value of  will play a 
significant role.  
This model explains the spin injection into molecules and all the apparent 
discrepancies6-13 on the observed MR signs in LSMO/Alq3/Co spin valves discussed 
above. Following the Jullière model (and using LSMO as a spin analyzer25 with 
P*LSMO/Alq3>0) P*Co/Alq3<0 at the Co/Alq3 interface is necessary to explain the commonly 
observed negative MR sign in large area junctions6-10. However, we propose that, 
oppositely, an inversion occurs in large area samples at the LSMO/Alq3 interface 
leading to an effective P*LSMO/Alq3<0 while having P*Co/Alq3>0. The P*Co/Alq3>0 sign, 
suggesting a weak coupling in the model, is supported by two experimental results: i) 
PCo/Alq3>0 was directly measured by Meservey-Tedrow technique13; ii) inserting an 
inorganic Al2O3 spacer between Alq3 and Co in a LSMO/Alq3/Co spin valves did not 
change the sign of the MR11 whereas an inversion would have been expected due to 
commonly reported PCo/Al2O3>0. The P*LSMO/Alq3 <0 sign would suggest a large enough 
intermediate coupling in the model in addition to disorder contribution. The disorder 
contribution being statistically distributed (a width of around 0.4 eV width has been 
shown for a range of cathodes on Alq3) the inversion should not happen for all the 
interfacial molecular states but only locally for those brought close enough to the 
11
electrode’s Fermi level dominating the injection step32. The local character of this 
inversion explains the observation of P*LSMO/Alq3 >0 in our solid state SP-STM like 
experiment where we only probe a single outcome of the energetic disorder distribution 
and mainly remain off resonance. This is well emphasized by the results of Vinzelberg 
et al.12 who mainly observe negative MR signs on mm wide LSMO/Alq3/Co spin 
valves while still reporting positive MR that inverse with bias voltage for few samples. 
A similar MR inversion as a function of bias has already been reported for spin 
dependent tunnelling through single localized states (corresponding to a merged donor-
acceptor level in the model) in inorganic MTJs36-37.  
This shows that beyond the now recognized low cost, flexibility and long spin lifetime 
interest, chemistry could bring new properties hardly available in conventional 
inorganic spintronics. The unravelled specific spin dependent injection mechanism 
could be used to tailor the properties of spintronics devices through metal/molecule 
coupling. One particularly interesting new way would be to use self-assembled 
monolayers that could be grafted on any surface and where one could easily play with 
the anchoring groups and the backbone of the molecules, ultimately controlling the 
coupling by the applied voltage.  
Methods:
Fabrication nanometric size magnetic tunnel junctions LSMO/Alq3/Co is performed 
from LSMO/Alq3 bilayer. The Alq3 organic spacer in the 10nm-30nm range is grown by 
organic molecular beam epitaxy on a La0.7Sr0.3MnO3 bottom electrode11. Films show a 
typical peak to peak roughness of 5 nm with an average hole to peak distance of 
hundred nanometers. As expected, it prevents the reliable fabrication of nanometer thick 
tunnel junctions free of short-circuits over micron size areas. We subsequently elaborate 
12
these nano-sized tunnel junctions with controlled organic barrier thickness in the 
nanometer range using a conductive tip AFM (CT-AFM) based nanofabrication 
process38. We start by capping the Alq3 with a 30 nm thick resist protective layer and 
proceed to the nanoindentation. The real time monitoring of the conductivity between 
the tip and the LSMO electrode during the indentation process allows us to control the 
barrier thickness with precision. The conductive tip-LSMO resistance decreases by six 
orders of magnitude over 6nm while digging through the semiconducting organic layer 
down to the LSMO electrode. The organic barrier thickness left after the indentation is 
defined by stopping the nano-indentation process at a preset threshold resistance value. 
Here, the nanohole section is limited by the local radius at the tip end which is less than 
10nm. The last step is to fill by sputtering the nano-hole with a cobalt ferromagnetic 
layer acting as a top electrode. 
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Figure Legends:
FIG. 1: Schematic drawing of the organic magnetic tunnel junction. The 
device consists first of a La0.7Sr0.3MnO3/Alq3 bilayer. A nanoindent in the Alq3 
layer is performed by a conductive tip AFM allowing us to control the organic 
tunnel barrier thickness. This nanohole is then filled with cobalt leading to a 
La0.7Sr0.3MnO3/Alq3/Co nanometric size magnetic tunnel junction. 
 
FIG. 2: Control of the Alq3 thickness. a, Profile of two nanoindents into Alq3 ( 
10nm)/resist( 30nm) bilayer performed at threshold values of 105.5  and 
109.5 . The 105.5  threshold value corresponds to the AFM tip-LSMO contact 
resistance, there is no organic material left. On the other hand for a larger 
threshold value (109.5 ) the barrier thickness left is then 4 nm. b, Variation of 
the barrier thickness left as a function of the resistance threshold value (in a log 
scale) set for the nanoindentation process. The dashed line is a linear fit. The 
errors bars show the standard deviation obtained on the series of nanoindents. 
 
FIG. 3: Magnetic field dependence of the resistance. Magnetoresistance 
curve of the organic magnetic tunnel junction obtained at 2 K and 10 mV. The 
lower coercive field corresponds to the LSMO magnetic reversal and the higher 
coercive field to the Co magnetic switching. In inset I(V) curves recorded at 2 K 
in the parallel (IPA) and antiparallel (IAP) magnetic configurations. 
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FIG. 4: Bias voltage dependence of the magnetoresistance. a, R(H) 
magnetoresistance curves of the LSMO/Alq3~2nm/Co nano-MTJ recorded at 2K 
and at five different bias voltages (-5mV, -10mV, -20mV, -45mV, -100mV). b,
Bias voltage dependence of the magnetoresistance obtained from I(V) curves 
recorded in parallel and antiparallel magnetic configurations (line). The data 
corresponding to the R(H) curves recorded at different bias voltage are also 
reported (circles) . In inset of b, variation of the magnetoresistance as a function 
of the temperature. 
 
FIG. 5: Model used for donor-acceptor mediated transport. a, Schematic 
drawing of the model of donor-acceptor mediated transport. The donor (resp. 
acceptor) state is modified by coupling to the left (resp. right) lead are shown in 
red. Bulk Alq3 transmission between the donor and acceptor is summarized by 
series of molecular states in black. b, Illustration of the interfacial molecular 
state modification obtained for strong coupling to a ferromagnetic electrode in 
the limit of    E with 0 E . A simple one band DOS is considered for 
simplification. The level undergoes a spin dependent broadening while being 
brought to resonance. Accordingly, its spin polarization at the Fermi level (dot 
line) is reversed compared to the ferromagnetic electrode one and a new 
effective spin dependent interface including the first molecular layer has to be 
defined.  
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